Transient bubble and stripe domain configurations in magnetic garnet materials by Zimmer, G. J. et al.
TRANSIENT BUBBLE AND STRIPE DOMAIN CONFIGURATIONS IN MAGNETIC GARNET MATERIALS* 
G. J. Zimmer , T. M. Morris', and  F. B. Humphrey + t 
ABSTWCT 
Trans ien t  dynamic bubble and s t r i p e  domain conf ig -  
u ra t i ons  i n  magne t i c  ga rne t  ma te r ia l s  (Y1.5?Eua.78 
Tmo.65Gal.osFe3.?5012) has  been observed using a 
stroboscopic optical microscope capable o f  making a 
se r ies  o f  s ing le  exposure  10 nsec p i c t u r e s  o f  t h e  dynam- 
i c  domain conf igura t ion  a t  var ious  t imes dur ing  and 
a f t e r  t h e  a p p l i c a t i o n  o f  a 3 psec b i a s  f i e l d  p u l s e  t h a t  
reduces   the   b ias   f ie ld .   Wave- l i ke   d is to r t ions   a re  
observed in  the  w iden ing  s t r i pe  a f te r  app rox ima te l y  1 .5  
psec o f  i n i t i a l  u n i f o r m  w i d e n i n g .  T h i s  random d i s t o r -  
t i o n  c o n t i n u e s  t o  grow u n t i l  t h e  end o f  t he  pu lse .  Dur -  
i n g  t h e  r e l a x a t i o n  t h e  g r o s s  shape o f  t h e  s t r i p e  c o n t i n -  
ues t o  become more d i s t o r t e d  f o r  t h e  n e x t  c o u p l e  o f  
microseconds a f t e r  t h e  end o f  t h e  p u l s e  as t h e  s t r i p e  
a t t e m p t s  t o  r e t u r n  t o  i t s  o r i g i n a l  n a r r o w  s t a t e .  Random 
protuberances are observed on t h e  w a l l  a t  t i m e s  as l ong  
as 10  usec a f t e r  t h e  end o f  the  pu lse .  Bubb le  domains 
i n  b o t h  i m p l a n t e d  and non-implanted samples e x h i b i t  d i s -  
t o r t i o n s  as they are expanded  and du r ing  re laxa t i on .  
For moderate pulse amplitude, the bubbles grow  and 
become d i s t o r t e d  a f t e r  a b o u t  1% usec and exh ib i t  cha rac -  
t e r i s t i c  b u t  h i g h l y  d i s t o r t e d  shapes  by the  end o f  t h e  
3 usec  pulse. Upon t e r m i n a t i o n  o f  t h e  p u l s e  as the  
bubb le  a t tempts  to  re lax  back i n  a b i a s  f i e l d  v e r y  n e a r  
bubble col lapse, the bubble takes on extreme yet  charac-  
t e r i s t i c  shapes du r ing   re laxa t i on .   I n   non - imp lan ted  
ma te r ia l ,  some bubbles are much less  a f fec ted  by the  
pulse  than  others  and  are  considered  "harder".  Conver- 
s ions  f rom "harder "  to  "so f te r "  and " s o f t e r "  t o  " h a r d e r "  
can be seen t o  o c c u r  t y p i c a l l y  t a k i n g  one p u l s e  t o  be- 
come hard and a coup le  o f  pu l ses  to  become s o f t .  
INTRODUCTION 
Trans ien t  dynamic bubble and s t r i p e  domain conf igu- 
r a t i o n s  i n  m a g n e t i c  g a r n e t  m a t e r i a l s  have  been i n v e s t i -  
gated  using a stroboscopic  opt ical   microscope. The 
technique used i s  s i m i l a r  t o  t h a t  used by Kryder and 
Humphrey1  on p e r m a l l o y  t h i n  f i l m s  o r  M o r r i s  and 
Malozemoff2 on g a r n e t s ,  d i f f e r i n g  f r o m  o t h e r ~ ~ , ~ ~ ~  inves- 
t i g a t i n g  g a r n e t s  i n  t h a t  a s i n g l e  10  nsec  exposure i s  
recorded.  Transient shapes , even i f  rand-om, can be 
i n v e s t i g a t e d .   I n s t a b i l i t i e s  and wave- l i ke   d i s to r t i ons  
have  been previously observed i n  expand ing  s t r ipe  do- 
mains i n  non- implanted mater ia ls by Morr is and 
Malozemoff2.  Here  the measurements  on s t r i p e  domains  haye 
been repeated on implanted mater ia l  and extended t o  i n -  
c l u d e  t h e  r e l a x a t i o n  o f  t h e  s t r i p e  back t o  e q u i l i b r i u m .  
Bubbles i n  implanted and non-implanted materials have 
been  expanded  by  a pulsed decrease i n  b i a s  f i e l d  and 
t h e i r  shape observed a t  var ious  t imes dur ing  the  expan- 
s ion  and the  subsequent  re laxa t ion  to  equ i l ib r ium.  
EXPERIMENTAL 
The sampl ing stroboscopic opt ical  microscope used 
here operates i n  e i t h e r  t h e  t r a n s m i s s i o n  o r  e p i -  
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i l l u m i n a t i o n  mode a1 low ing   the   observa t ion '   o f   bubb les  
o r  s t r i p e s  e i t h e r  i n  t h e  b i n o c u l a r  e y e p i e c e  o r  on 16 
mn film. A m o d i f i e d  L e i t z  m i c r o s c o p e  i s  u s e d  w i t h  
l i n e a r  m a g n i f i c a t i o n  up t o  800X.  The i l l u m i n a t i o n  
source  cons is ts  o f  a 100 KW Avco-Everet t  F lowing Ni t ro-  
gen U l t r a v i o l e t  l a s e r  pumping  a lom3 molar rhodamine 
6 G dye laser.  The resu l tan t  10  nsec  w ide  ye l low 
l i g h t  f l a s h  i s  b r i g h t  enough t o  observe a s i n g l e  p u l s e  
e i t h e r  b y  t h e  eye o r  on the  Kodak 4X 16 mm movie film. 
Operating a t  16 pulses per second, the  laser  p rov ides  
<1 nsec t i m e  j i t t e r  i n  t h e  observed l i g h t  p u l s e  and 
<1% a m p l i t u d e   j i t t e r  when observed wi th  an HPA 4207 
photod iode  w i th  a less  than 2 nsec  response  t ime.  Bias 
f i e l d  p u l s e s  were prov ided by a Hewlet t  Packard 214A 
pulse generator and a pancake c o i l  w i t h  t h e  r e l a t i v e  
delay between pulse and laser  s t robe prov ided by the  
de lay inq  sweet, ou tDu t   o f  an osc i l loscope.  Samples 
used-were o f  nominal chemical composition Y 1 . 5 7 E ~ 0 . 7 8  
T m 0 . ~ ~ G a ~ , o ~ F e , , ~ , 0 ~ ,  w i t h  4aM = 200  Gauss. The 
imDlanted mater ia l  was 7 . 2 ~  t h i c k  w i t h  b u b b l e  c o l l a p s e  
f i e l d  o f  90.6 Oe. The non- implanted  mater ia l  was 
6 . 2 ~  t h i c k  w i t h  86.1 Oe bubble  co l lapse.  The samples 
were  kl 'ndly  provided  by Rockwel'l I n t e r n a t i o n a l  i n  
Anaheim. 
RESULTS AND DISCUSSION 
The photographic  resul ts  are most  convenient ly  
and p r o f i t a b l y  d i s p l a y e d  as  a m o t i o n  p i c t u r e  o f  t h e  
dynamic  domain c o n f i g u r a t i o n  a t  v a r i o u s  i n s t a n t s  o f  
t ime.  Selected  frames  from  various sequences are  
presented  here.  Figure 1 shows s t r i p e s  i n  an implanted 
sample being pulsed so as t o  i n c r e a s e  t h e  w i d t h  o f  t h e  
s t r i p e   i n  much the  way t h a t  M o r r i s  and Malozemoff2 
p u l s e d   t h e i r   s t r i p e s .   F i g u r e   l a  shows t h e   f r e s h l y  
demagnetized implanted sample b i a s e d  a t  70.7 Oe w i t h  
t h e  s t r a i g h t  s t r i p e  domains j u s t  p r i o r  t o  t h e  a p p l i c a -  
t i o n  o f  t h e  f i r s t  -110 Oe pu lse .  Th is  equ i l ib r ium 
w i d t h  o f  t h e  s t r i p e  i s  t h e  w i d t h  t h a t  w o u l d  be  seen i f  
t h e  u s u a l  i l l u m i n a t i o n  w i t h  a continuous lamp  were  used 
s i n c e  t h i s  i s  t h e  w i d t h  o f  t h e  s t r i p e  m o s t  o f  t h e  t i m e .  
The l a r g e  b l o t c h  i n  t h e  u p p e r  p o r t i o n  o f  t h e  f i g u r e  
-is a burned spot i n  t h e  o b j e c t i v e  l e n s  and  does n o t  
a f f e c t  t h e  sample.  Figures l b  and  c a re  p i c tu res  taken  
a f t e r  t h e  p u l s e  has. been a p p l i e d  f o r  3 Usec  on two 
successive  pulses. It can  be  seen t h a t  t h e  o v e r a l l  
s t r i p e  p a t t e r n  has  changed cons iderab ly  s ince  the  
s t r i p e s  have  been pulsed many times between l a  and l b  
as photographs a t  e a r l i e r  t i m e s  were taken but not 
shown here.   F igure IC i s s i m i l a r  t o  l b  s i n c e  i t  was 
taken on the very next  pu lse.  They show v e r y  c l e a r l y  
t h a t  t h e  i n s t a b i l i t i e s  t h a t  were observed by Morris and 
Malozemoff2  are  evident i n  implanted  mater ia l   a lso.  By 
l o o k i n g  a t  a l e n g t h  o f  s t r i p e  a b e t t e r  f e e l i n g  f o r  t h e  
randomness o f   the   e f fec t   can  be ob ta ined.   Cer ta in ly ,  
t h e  r e g u l a r i t y  o f  t h e  w a v e l e t s  i s  o f  s h o r t  r a n g e .  I t  
can a l so  be  seen t h a t  t h e  i n s t a b i l i t i e s  m a n i f e s t  them- 
s e l v e s  i n  a t  l e a s t  t h r e e  somewhat d i s t i n c t  s t y l e s .  
The "s ine  wave"  as observed by Morris and Malozemoff 
i s  b e s t  shown by the  l ower  m idd le  o f  t he  l e f t  hand 
s t r i p e  i n  F i g .  IC. There i s  a l s o  a " c r o s s  t i e "  s t y l e  
seen b e s t  i n  t h e  c e n t e r  o f  t h e  r i g h t  hand s t r i p e  i n  
F i g .  l b  and t h e  " t r a c t o r  t r a c k "  s t y l e  seen best i n  t h e  
u p p e r  p o r t i o n  o f  t h e  r i g h t  hand s t r i p e  i n  F i g .  l b .  The 
randomness o f  the  pa t te rn  f rom pu lse  to  pu lse  can  be 
seen by comparing Fig. 1 b w i t h  t h e  v e r y  n e x t  p u l s e  a t  
e x a c t l y   t h e  same t ime  delay as i n  F i g .  IC. It can be 
seen t h a t  t h e  v a r i o u s  s t y l e s  o f  i n s t a b i l i t i e s  change 
f rom pu lse  to  pu l se  a long  the  s t r i pes .  The t o t a l  w i d t h  
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o f  t h e  s t r i p e s  as g i ven  by  the  c res t - to -c res t  d i s tance  
var ies  cons iderab ly  on d i f f e r e n t  p o r t i o n s  o f  t h e  
s t r i p e ,  and  from  pulse t o  pulse, i n  the  same p o r t i o n .  
F ig .  1. Photographs o f  t h e  dynamic s t r i p e  domain 
p a t t e r n  i n  i o n - i m p l a n t e d  b u b b l e  g a r n e t  m a t e r i a l .  
a )  E q u i l i b r i u m  p a t t e r n  w i t h  a 70.7 Oe b i a s  f i e l d ;  
b )  T r a n s i e n t  p a t t e r n  a f t e r  t h e  a p p l i c a t i o n  o f  a 
3 psec,  -110 Oe p u l s e  t o  w i d e n  t h e  s t r i p e ;  c )  
T r a n s i e n t  p a t t e r n  w i t h  t h e  same cond i t ions  as b )  
b l r t  the  very  nex t  pu lse ;  d )  Trans ien t  pa t te rn  
1 psec a f t e r  t h e  end o f  t he  w iden ing  pu lse  i n  b; e) 
T r a n s i e n t  p a t t e r n  w i t h  t h e  same cond i t ions  as d b u t  
t h e  v e r y  n e x t  p u l s e ;  f )  T r a n s i e n t  p a t t e r n  4 psec 
a f t e r  t h e  end o f  t he  w iden ing  pu lse  i n  b (Note: 
This f rame contains a l e f t - r i g h t  m i r r o r  i n v e r s i o n  
i n a d v e r t e n t l y  made when the composi te  f igure was 
composed) 
The r e l a x a t i o n  o f  t h e  s t r i p e  back t o  t h e  e q u i l i -  
b r i u m  w i d t h  i s  i l l u s t r a t e d  i n  F i g .  I d  and e which are 
two  sequential  photographs  taken 1 usec a f t e r  t h e  end 
of the  widening  pu lse.  It can  be  seen t h a t  t h e  i n s t a -  
b i l i t y  increases as t h e  s t r i p e  becomes  a wavy  band 
narrower  than i t s  u l t i m a t e  e q u i l i b r i u m  w i d t h .  The 
shape seems t o  be m o s t l y  e i t h e r  " t r a c t o r  t r a c k "  o r  
" c ross  t i e "  w i th  the  wa l l  chang ing  f rom one s t y l e  t o  
the  o the r  on the   very   nex t   pu lse .   For  example n o t i c e  
t h e  l o w e r  r i g h t  hand p o r t i o n  o f  t h e  s t r i p e  where i t  goes 
f r o m  t r a c t o r  t r a c k  i n  Fig. I d  t o  cross t i e  i n  F i g .  l e .  
F igure I f  shows t h e  w a l l  a t  4 psec a f t e r  t h e  end o f  t h e  
expansion  pulse. The w a l l  has o b t a i n e d   i t s   e q u i l i b r i u m  
width,  a l though i t  i s  y e t  t o  r e l a x  i n t o  a f a i r l y  
s t ra igh t  wa l l  wh ich  it wil do a f t e r  a few more micro-  
seconds. The p ro tuberances   t ha t   s t i ck   ou t  changed a t  
random f r o m  p u l s e  t o  p u l s e  b o t h  i n  number  and s i d e  o f  
t he   wa l l   wh ich   t hey   s t i ck   ou t .   A l though  i t  i s  n o t  
shown here, the same general shapes were obtained by 
puls ing non- implanted mater ia l .  
F igure  2 shows t h e  t r a n s i e n t  domain  shapes o f  an 
a r r a y  o f  b u b b l e s  i n  i m p l a n t e d  m a t e r i a l  t h a t  have  been 
p u l s e d  t o  expand the bubbles and then a l lowed to  re lax 
back to   equ i l i b r i um.   F igu re  2a i s  t h e  b u b b l e  a r r a y  
b i a s e d  a t  80 Oe i n  e q u i l i b r i u m  b e f o r e  t h e  a p p l i c a t i o n  
o f  t h e  p u l s e .  The equ i l i b r i um d iamete r  o f  t he  bubb le  
domains  can  be  seen i n  the  photograph.  This image i s  
t h e  same as would be  seen i f  viewed i n  t h e  normal way 
wi th con t inuous   i l l um ina t ion .   F igu re  2b shows t h e  
bubble domains a f t e r  t h e  a p p l i c a t i o n  o f  a -75 Oe, 
3 usec  pulse. A s l i g h t  i n s t a b i l i t y  i n  the  bubb le  wa l l  
shape 
F i g .  2. Transient  bubble  domain shapes i n  ion-  
imp lan ted  garnet  mater ia l  be fore ,  dur ing ,  and a f t e r  
t h e  a p p l i c a t i o n  o f  a f i e l d  p u l s e  t h a t  expands t h e  
bubble.   a)   Equi l ibr ium  bubble domains w i t h  a b ias  
f i e l d   o f  80 Oe; 6) 3 psec a f t e r  t h e  a p p l i c a t i o n  of 
a -75 Oe p u l s e  t o  expand the  bubb le ;  c )  1 usec a f t e r  
t h e  end o f  t h e  3 psec pulse i n  6; d) 2 usec a f t e r  
t h e  f i e l d  p u l s e  i n  b; e) 3 psec a f t e r  t h e  a p p l i c a t i o n  
o f  a -33 Oe p u l s e  t o  expand the bubbles; f )  1 usec 
a f t e r  t h e  3 psec pulse i n  e. 
has  developed, b u t  i s  c e r t a i n l y  n o t  v e r y  s e v e r e .  The 
i n s t a b i l i t y  seems re la t i ve l y  i ndependen t  o f  bubb le -  
bubb le  in te rac t ion  s ince  the  bubb le  on t h e  l e f t ,  w h i c h  
i s  r e l a t i v e l y  a lone,  has essent ia l ly  the same shape as 
t h e  one i n  t h e  upper r i g h t  w h i c h  i s  r a t h e r  c l o s e l y  
packed  by  other  bubbles. It should be n o t e d  t h a t  even 
though the bubbles a t  t h i s  t i m e  l o o k  r a t h e r  c l o s e ,  were 
t h e  same f igure  observed w i th  cont inuous  i l lumina t ion ,  
t h e  f e e l i n g  w o u l d  be tha t  t he  bubb les  were c l e a r l y  w e l l  
spaced so t h a t  no bubble-bubble in teract ion could be 
had. F igure  2c shows the   bubb le   a r ray  1 usec a f t e r  t h e  
end o f  t h e  p u l s e .  The bubbles have c l e a r l y  become 
smal ler  wi th the longest dimension reduced by about 20%. 
A d e f i n i t e  i n s t a b i l i t y  o r  d i s t o r t i o n  w i t h  s i x - f o l d  
symmetry i s  e v i d e n t .  Two microseconds a f t e r  t h e  end 
o f  t h e  p u l s e  i n  F i g .  2d, t h e  i n s t a b i l i t y  i s  c l e a r l y  
e v i d e n t  w i t h  t h e  maximum e x t e n t  o f  t h e  b u b b l e  h a r d l y  
changed d u r i n g  l a s t  m i c r o s e c o n d .  A t  3 usec  a f te r  the  
end o f  t h e  p u l s e ,  n o t  shown here, the bubbles have 
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r e l a x e d  t o  a dumbbell shape w i th  the i r  ma jo r  ax i s  abou t  
the  same leng th  as t h e  m a j o r  a x i s  f o r  t h e  b u b b l e s  i n  
Fig.  2d. By 4 usec a f t e r  t h e  end o f   t he   pu l se   t he   na r -  
row p a r t  o f  t h e  dumbbe l l  s ta r t s  to  fa t ten  with the  maximum 
ex ten t  o f  t he  bubb le  abou t  24  t imes  the  equ i l i b r i um d i -  
ameter. F i n a l l y  by 5 psec a f t e r  t h e  end o f  t h e  p u l s e ,  
about 50% o f  t he  bubb les  have reached t h e i r  e q u i l i b r i u m  
shape w i t h  some o f  them,  however, s t i l l  e l l i p s e s  w i t h  
the major  ax is  about  2 t imes the  equ i l ib r ium d iameter .  
a t  80 Oe a t  t h e  end o f  a -33 Oe 3 psec pu lse  ( the  amp1 i- 
tude i s  4oX l e s s  t h a n  t h e  p u l s e  t h a t  was used f o r  F i g .  
2) .  The bubbles have  been pu lsed  in to   the   dumbbe l l  
shape w i t h  some even heading t o  a t h r e e - f o l d  symmetry. 
The protuberance on t h e  s i d e  o f  some  seems t o  v a r y  
randomly with each pulse from one s i d e  t o  t h e  o t h e r  and 
from  bubble  to  bubble. The  maximum e x t e n t  o f  t h e  
b u b b l e ,  i . e .  t h e  l e n g t h  o f  i t s  m a j o r  a x i s ,  i s  t h e  same 
as i t  was f o r  t h e  h i g h e r  d r i v e .  F i g u r e  2 f  shows the  
a r ray  1 p e c   a f t e r   t h e  end o f  t h e  -33. Oe , 3 usec pulse. 
The shape i s   s t r i p e - l i k e   i n  most cases w i t h  t h e  maximum 
extent about the same as a t  t h e  , e n d  o f  t h e  p u l s e .  The 
protuberance on some bubbles seems t o  v a r y  a t  random 
f rom pu lse  to  pu l se  and bubble to  bubble.  A t  2 usec 
a f t e r  t h e  end o f  t h e  p u l s e ,  n o t  shown, a l l  o f  t h e  bub- 
b les  a re  un i fo rm s t r i pes  abou t  2 /3  the  l eng th  o f  t he  
s t r a i g h t  s t r i p e s  o f  F i g .  2 f  and by 3 psec they are a1 1 
dumbbells a t  a b o u t  h a l f  t h e  l e n g t h  o f  t h e  s t r a i g h t  s t r i p e  
i n  F i g .  2 f .  
seen i n  F i g .  3. The equ i l i b r i um bubb le  s i ze  can be  seen 
i n  Fig.  3a w i t h  a  84.5 Oe b i a s  f i e l d  q u i t e  c l o s e  t o  
bubble  co l lapse.   F igure 3b i s  a f t e r  t h e  a p p l i c a t i o n  o f  
a very  h igh  f ie ld  pu lse  ( -132 Oe) to  i nc rease  the  s i ze  
o f   the   bubb les .  It can be  seen that   the  bubbles have 
become g r e a t l y  e n l a r g e d  b u t  a r e  p r e s e r v i n g  t h e i r  shape: 
on l y  a s l i g h t  e l l i p t i c a l  d i s t o r t i o n  seems t o  e x i s t .  
F igure  3c shows the   bubb les   a f te r  3 usec. They a r e  s t i l l  
g e n e r a l l y  e l  1 i p t i c a l  . The e f f e c t   o f  bubble-bubble 
i n t e r a c t i o n  can be  seen d i s t o r t i n g  t h e  shape o f  one o f  
the  bubbles on t h e  r i g h t  s i d e  o f  t h e  f i g u r e .  It i s  
s u r p r i s i n g  how very close the bubbles must be be fore  
i n t e r a c t i o n  seems t o  a f f e c t  t h e  shape very much. The 
same sample  pushed a t  a lower ampli tude (-66 Oe) can be 
seen a f t e r  1 psec o f  t h e  e x p a n d i n g  p u l s e  i n  F i g .  3d. A t  
t h i s  l o w e r  d r i v e ,  even t h e  f i r s t  microsecond seems t o  
e s t a b l i s h  an e l l i p t i c  d i s t o r t i o n .  A l s o  i t  can  be  seen 
t h a t  t h e  b u b b l e s  a r e  a t  l e a s t  t h r e e  d i f f e r e n t  s i z e s .  
The lower  center  and upper center bubbles are "harder" 
whereas t h e  r i g h t  c e n t r a l  one i s  "medium hard" and l e f t  
c e n t r a l   i s   " s o f t " .   T h i s   d i s t r i b u t i o n   o f   b u b b l e   s i z e s  
i s  much more e v i d e n t  i n  t h e  l o w e r  d r i v e  r e g i o n .  Those 
bubbles that are "hard" were conf i rmed "hard"  by s tat ic  
bubble  co l lapse.   F igure 3e  shows t h e  a r r a y  a f t e r  2 usec 
of   the -66 Oe pulse.  It i s  i n t e r e s t i n g  t o  compare t h i s  
a r r a y  w i t h  F i g .  3b which i s  the  same t i m e  a t  t w i c e  t h e  
d r i ve .  Even though  the  to ta l   reversed  area i s  g r e a t e r  
a t  t he  h ighe r  d r i ve ,  t he  maximum extent ,  i .e .  the major  
a x i s  o f  t h e  two e l l i p s e s  i n  F i g .  3b  and F ig .  3e a re  the  
same. Again i n  F i g .  3e, various  bubbles expand o r  a r e  
a f f e c t e d  d i f f e r e n t l y  by t h e  d r i v e  f i e l d .  By 3 psec i n  
F ig .  3 f  the bubbles have  been d r i v e n  c l e a r l y  i n t o  a 
d i s t o r t e d  shape o f  f o u r - f o l d  symmetry.  Again  the  major 
ax is  o f  these bubb les  and those i n  F i g .  3c ( a t  t w i c e  
t h e  d r i v e )  i s  e s s e n t i a l l y  t h e  same. 
Figure 4 shows se lec ted  t imes dur ing  the  re laxa tdon 
o f  the bubbles i n  non-implanted material from the lower 
d r i v e  s t a t e  Seen i n  F i g .  3 f  t o  a round bubble as i n  F i g .  
33. The par t i cu la r   photographs  have  been  chosen t o  
represent  genera l ly  the var ious shapes t h a t  a r e  Seen  as 
the  shapes  change f r o m  p u l s e  t o  p u l s e .  I n  an e f f o r t  t o  
Save space, t h e  s p e c i f i c  frames se lec ted  have  been 
chosen t o  show the  mos t  d i ve rs i t y  and there fore  they  g ive  
the impression of  more  randomness than i s  t h e  a c t u a l  
case. I n  F i g .  4a, 200 nsec a f t e r  t h e  end  of the  Pulse, 
the  shapes  seen a r e  e s s e n t i a l l y  t h o s e  Seen a t  t h e  end of 
F igure  2e  shows the  same implanted mater ia l  b iased 
Bubble expansion i n  non-implanted material can be 
Fig.  3. Trans ient   bubble domain  shapes i n  non- 
imp lan ted  garnet  mater ia l  be fore  and dur ing  the  
a p p l i c a t i o n  o f  a f i e l d  p u l s e  t o  expand the bubble. 
a )  Equ i l i b r i um a r ray  w i th  a 84.5 b i a s  f i e l d  ( b u b b l e  
co l lapse 86.1  Oe); b )  A f t e r  t h e  a p p l i c a t i o n  o f  a 
-132 Oe p u l s e  f i e l d  f o r  2 usec; c) 3 usec;  d)  Af ter  
t h e  a p p l i c a t i o n  of a -66 Oe pu lse  fo r  1 vsec; 3) 2 
psec; f )  3 psec. 
t he  pu lse  w i th  a s l i gh t  i nc rease  p redominance  o f  t he  
f i v e - f o l d  symmetry. The  maximum ex ten t  o f  t he  bubb les  
has n o t  changed a l though the neck ing down o f  t h e  
appendages i s  c l e a r l y  e v i d e n t .  F o r  t h e  f i r s t  4 psec 
a f t e r  t h e  end o f  t h e  p u l s e  t h e  p r i n c i p a l  change i s  the  
cont inued necking down of  the appendages though the 
l e n g t h  o f  m a j o r  a x i s  o f  t h e  b u b b l e s  r e m a i n  e s s e n t i a l l y  
constant.  
one and a ha1 f microseconds a f t e r  t h e  end o f  t h e  p u l s e  
as seen i n  F i g .  4 a-d. Some bubble-bubble  in teract ion 
i s  i n d i c a t e d  as i n  t h e  r i g h t  s i d e  o f  F i g .  4a and b a t  
t h i s  t ime ,  bu t ,  as p rev ious l y  seen the bubbles get 
r e m a r k a b l y  c l o s e  b e f o r e  t h e i r  i n t e r a c t i o n  can be 
noticed.  "Harder"  bubbles  are seen i n  F i g s .  4b and c.  
Symmetry  and  shape a re   c lea r l y   impor tan t .   Du r ing   t he  
re laxa t i on  t ime  f rom 1.5 usec i n  F i g .  4d t o  4 psec i n  
F ig .  4e, the g lobs on the  end o f  t h e  appendages d i s -  
appear and some o f  t h e  appendages d isappear  leav ing the 
s t r i p e  shape, which i s  c l e a r l y  l o n g e r  t h a n  t h e  maximum 
t o  which the bubbles were pulsed (Fig.  3f) ,  by Fig.  4e. 
F igure 4f ,  taken 7 psec a f t e r  t h e  end o f  t he  pu lse ,  was 
chosen as an example o f  when the  s t r i pes  beg in  t o  
become s h o r t e r .  A b o u t  h a l f  o f  t h e  s t r i p e s  a r e  c l e a r l y  
sho r te r  t han  they  were  a t  t he  t ime  o f  F ig .  4e. Another 
5 psec i s  r e q u i r e d  f o r  most o f  t h e  b u b b l e s  t o  become 
round  again . 
The most  rap id shape  change o c c u r s  d u r i n g  t h e  f i r s t  
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Fig.  4. Transient  bubble domain  shape i n  non- 
implanted garnet  mater ia l  as the bubbles re lax back 
t o  t h e i r  e q u i l i b r i u m  s i z e  a f t e r  b e i n g  expanded as 
i n  F ig .   3 f .  The b i a s  f i e l d  i s  84.5 Oe; bubble 
c o l l a p s e  f i e l d  i s  86.1 Oe. Time a f t e r   t h e   t e r m i n -  
a t i o n  o f  t h e  3 sec,  -33 Oe pu lse ;  a )  0.2 lisec, 
b)  0.5 psec, c )  0.7 p e c ,  d )  1.5 psec,  e) 4 wx, 
f) 7 usec. 
F igure 5  shows  a sequence o f  6 frames selected 
from many frames a t  t h e  end o f  a  3 psec, 54.5 Oe pulse 
app l ied   to   non- imp lan ted   mater ia l .   Th is  sequence was 
se lected because i t  shows  how the bubbles can  change 
t h e i r  c h a r a c t e r  f r o m  one p u l s e  t o  t h e  n e x t .  By 
fo l lowing the bubbles through the sequence o f  each o f  
t h e  s i x  p i c t u r e s  i t  can  be  seen t h a t  some, such as one 
i n  t h e  v e r y  c e n t e r  o f  t h e  p i c t u r e ,  have a hard t ime 
d e c i d i n g  t o  be " s o f t "  b u t  f i n a l l y  make i t  by the  end 
o f  t h e  sequence.  Others,  such  as  the one i n  the  upper 
r i g h t  s i d e ,  a r e  " s o f t "  and become, a f t e r  some 
indecis ion,   "hard"  by  the end o f  the sequence. I t  
should be r e a l i z e d  t h a t  t h i s  group o f  s i x  was se lec ted  
from a large group and i s  a p a r t i c u l a r l y  a c t i v e  
sequence b u t  r e p r e s e n t s  c l e a r l y  t h e  k i n d  o f  changes 
t h a t  seem t o  go  on f r o m  p u l s e  t o  p u l s e  a t  t h i s  
p a r t i c u l a r  d r i v e .  
CONCLUSION 
Th is  p re l im inary  survey  has shown t h a t  t h e  t r a n -  
s i e n t  dynamic  domain c o n f i g u r a t i o n  o f  s t r i p e s  and 
bubbles show  many more d i s t o r t i o n s  and i n s t a b i l i t i e s  
t h a n   p r e v i o u s l y   e x p e c t e d .   I n s t a b i l i t i e s   i n   s t r i p e  
domains generated by d r i v i n g  t h e  s t r i p e  w i d e r ,  shown 
here i n  imp lan ted  mater ia ls ,  have a t  l e a s t  t h r e e  
c h a r a c t e r i s t i c  shapes and vary seemingly a t  random along 
a s t r i p e  and f rom  pu l se   t o   pu l se .  Upon removal o f  t h e  
w iden ing  pu lse ,  t he  i ns tab i l i t y  seems t o  become more 
extreme f o r  t h e  f i r s t  few microseconds as t h e  s t r i p e  
a t t e m p t s   t o   r e t u r n   t o   i t s   s t a b l e   s t a t e .   T r a n s i e n t  
Fig. 5.  Transient  bubble domain con f igu ra t i on  i n  
garnet  mater ia l  b iased a t  84 .8  Oe a f t e r  t h e  a p p l i -  
c a t i o n  o f  a  3 usec,  -54.5 Oe p u l s e  t o  expand the  
bubble.  These s i x  frames  are  from a ser ies   taken 
1 Usec a f t e r  t h e  end o f  t h e  p u l s e .  The se r ies  was 
se lec ted  to  show dynamic conversion. 
d i s t o r t i o n s  were also observed on bubble domains in 
both  implanted and  non- implanted  mater ia l .  The d i s -  
t o r t i ons  occu r  bo th  when the bubble i s  expanded  and 
a l s o  upon r e l a x a t i o n .  Even t.hough the  cause o f  these 
i n s t a b i l i t i e s  and d i s t o r t i o n s  i s  u n c e r t a i n  a t  t h i s  
time, i t  i s  c l e a r  t h a t  t h e y  must be c a r e f u l l y  con- 
s ide red  when in te rp re t i ng  bubb le  dynamics experiments, 
e s p e c i a l l y  w a l l  v e l o c i t y  and bubble col lapse exper i -  
ments. 
KEFERENCES 
H. Kryder and F. 6. Humphrey, Rev, S c i .  I n s t r .  42, 
829 ( 1  969). 
M. Morr is  and A .  P. Malozemcff, Conf. on  Magnetism 
and Magnetic Materials, Boston, 1973. 
C.  Kossol, IEEE Trans. x-:(-, 142  (1971). 
I ku ta ,  R. Shimizu, Rev. S c i   I n s t .  46, 1412  (1973). 
P.  Vel la-Cole i ro ,  T ,  F. Nelson,  Apple Phys. L e t t .  
I 24, 397  (1974) 
654 
